Mesothelial cells, the progenitor cells of the asbestos-induced tumor mesothelioma, are particularly sensitive to the toxic effects of asbestos, although the molecular mechanisms by which asbestos induces injury in mesothelial cells are not known. We asked whether asbestos induced apoptosis in mesothelial cells and whether reactive oxygen species were important. Rabbit pleural mesothelial cells were exposed to crocidolite asbestos or control particles (1-10 pg/cm2) over 24 hr and evaluated for oligonucleosomal DNA fragmentation, loss of membrane phospholipid asymmetry, and nuclear condensation. Asbestos fibers, not control particles, induced apoptosis in mesothelial cells by all assays. Induction of apoptosis was dose dependent; crocidolite (5 pg/cm2) induced apoptosis 115.0 ± 1.1 %, mean ± SE; n = 12) versus control particles (<4%), as measured by appearance of nuclear condensation. Apoptosis induced by asbestos, but not by actinomycin D, was inhibited by extracellular catalase, superoxide dismutase in the presence of catalase, hypoxia (8% oxygen), deferoxamine, and 3-aminobenzamide (an inhibitor of the nuclear enzyme, poly(adenosine diphosphate-ribosyl) polymerase). We conclude that asbestos induces apoptosis in mesothelial cells via reactive oxygen species. We speculate that escape from this pathway could allow the abnormal survival of mesothelial cells with asbestosinduced mutations.
Introduction
Asbestos fibers produce neoplasms, inflammation, and fibrosis of the lung and pleura, although the molecular mechanisms by which asbestos induces these biologic effects have not been established (1) . Asbestos is particularly toxic to mesothelial cells, the progenitor of the asbestos-induced tumor mesothelioma (2) . In in vitro studies with mesothelial cells, asbestos leads to inhibition of growth (3) , disruption of mitosis (4) , induction of DNA and chromosomal damage (2) , and disruption of the cell membrane consistent with necrotic cell death (5) . However, we observed that rabbit pleural mesothelial cells exposed to crocidolite asbestos become small and shrunken (6) , features that are more consistent with apoptosis than cellular necrosis. Unlike necrosis, apoptosis is an active process under genetic control (7) . Apoptosis is important for the elimination of injured cells such as those injured by viruses, irradiation, or oxygen radicals (7) . The loss of normal apoptotic responses has been implicated in oncogenesis because cells with DNA damage that would normally die can survive as one step in the multistep process leading to neoplastic transformation (8, 9) . Because of the importance of apoptosis in the regulation of cell populations and the deletion of damaged cells, we asked whether asbestos fibers induce apoptosis ofpleural mesothelial cells.
Of the diverse stimuli that induce apoptosis, reactive oxygen species may play a central role; not only do they induce apoptosis when directly added to cells, but they may be a common pathway for action of many seemingly unrelated stimuli (10, 11) . One of the ways that reactive oxygen species may initiate apoptosis is via their damage to DNA. In some models, DNA strand breaks may induce apoptosis by the intermediate activation of poly (adenosine diphosphate [ADP]-ribosyl) polymerase, a nuclear enzyme associated with DNA repair. Reactive oxygen species are produced by asbestos fibers, either alone or via ingestion by phagocytic cells (12) , although it is not agreed whether asbestos-induced reactive oxygen species lead to mesothelial cell injury (13) (14) (15) (16) (17) . Thus, it is unclear whether asbestos-induced reactive oxygen species play a role in mesothelial cell apoptosis.
We therefore asked whether asbestos induces apoptosis in mesothelial cells and, if so, if this induction of apoptosis is mediated by reactive oxygen species. For these studies, we focused on crocidolite asbestos, the type of fiber most associated with the mesothelialderived tumor mesothelioma (1) . First (18) , and the ability of SOD to remove the superoxide generated by the mixture of xanthine oxidase (0.2 U/ml) and purine (0.5 mM) and measured by the reduction of ferricytochrome C (18) . Catalase was inactivated by boiling for 1 hr, and SOD by boiling for 3 hr; inactivity was confirmed by the above assays prior to use.
Celi Culture
Rabbit mesothelial cells were harvested as previously described (19 Crocidolite asbestos induced annexin V binding to mesothelial cells that was evident by 6 hr after exposure. At 24 hr, asbestos-exposed mesothelial cells underwent significantly more early apoptosis (annexin V, positive; propidium iodide, negative) than cells not exposed to asbestos, wollastonite, or riebeckite (Table 1) . At 24 hr, of the cells exposed to asbestos, the percentage of cells with early apoptosis was significantly greater than the percentage with either necrosis or late apoptosis (propidium iodide, positive; Table 1 ). When sorted, counterstained with acridine orange, and examined using fluorescent microscopy, annexin V positive cells had condensed nuclei characteristic of apoptosis.
Asbestos, but not control particles, induced apoptotic morphology in a dosedependent fashion in rabbit pleural mesothelial cells (Figure 2 (Figure 3 ) (p< 0.04). There was no effect either of BSA at a comparable concentration (480 pg/Mil) (Figure 3 ) or of inactive catalase (data not shown). SOD alone had no effect on apoptosis; however, when added in the presence of catalase, SOD had an additive inhibitory effect (Figure 3 ). When inactive SOD was added in the presence of catalase, there was no additional inhibition of apoptosis (Figure 3 ). A hypoxic environment inhibited crocidolite asbestos-induced apoptosis (Figure 4) . Incubation of crocidolite fibers overnight with deferoxamine (5 mM) to inactivate iron-catalyzed oxygen radical production also significantly decreased asbestosinduced apoptosis (saline-coated crocidolite [5 jig/cm2], 13.8 ± 0.9% apoptosis; deferoxamine-coated crocidolite, 5.3 ± 1.2%; p < 0.01, n = 3). This inhibition was observed only in RPMI and was eliminated by addition of iron (FeCl3 5 mM) or by the use of iron-containing media (data not shown). 3-ABA, an inhibitor of a poly(ADP-ribosyl) polymerase, significantly inhibited asbestosinduced apoptosis compared to 3-ABOA, a structural analogue with no blocking activity (29) (Figure 5 ). 3-ABA did not inhibit Act D-induced apoptosis.
Discussion
Asbestos has a myriad of effects in cultured cells, including mesothelial cells, such as induction of gene expression (30) , production of growth factors and cytokines (19) , inhibition of growth (16) , induction of damage to chromosomes (2,31) and DNA (16) , transformation (32) , and necrosis (5) . In this and in other recent reports (33, 34) , apoptosis has been identified as a in the presence of catalase (5000 U/ml), or various controls, crocidolite asbestos (5 pg/cm2) was added for an additional 24 hr. Cells were harvested, stained with acridine orange and propidium, and examined for the percentage of cells with apoptotic nuclei, using fluorescence microscopy. (35) , it is more likely that the antioxidant enzymes functioned extracellularly, perhaps adjacent to fibers that were internalized while still enveloped in a cellular membrane (6) . In the moderately hypoxic environment of 8% oxygen, asbestos-mediated apoptosis was reduced by 60%. This level of oxygen has been associated with lower levels of reactive oxygen species (36) and inhibits certain types of oxygen-dependent apoptosis (37) . The action of oxygen species in mesothelial cell apoptosis was specific to asbestos because antioxidant enzymes had no effect on apoptosis induced by Act D (38) . Deferoxamine coating, known to decrease hydroxyl radical production from asbestos (39) , also decreased apoptosis significantly. Reactive oxygen species mediate toxicity from asbestos in many in vitro and in vivo models (12, 16, 40) , although their role in injury to mesothelial cells is unclear (13) (14) (15) . In these studies, we identified a novel and important biologic effect from asbestos-dependent reactive oxygen species on mesothelial cells.
Inhibition of poly(ADP-ribosyl) polymerase inhibited asbestos-induced apoptosis. This nuclear enzyme, which is activated by DNA strand breaks and utilizes cellular nicotinamide adenine dinucleotide (NAD) in a possible repair function, has been implicated as a central mediator of cellular injury in response to oxidants (41) . As DNA damage, presumably by depleting NAD (42) . To inhibit poly(ADP-ribosyl) polymerase, we used 3-ABA at low concentrations (1, 2.5 mM) reported to have minimal effects on cell metabolism (43) and to inhibit the enzyme specifically (44) and which did not alter fiber uptake. 3-ABA, but not a closely related structural analogue 3-ABOA, significantly reduced apoptosis due to asbestos (29) . The reduction of apoptosis by inhibition of this enzyme supports a role for asbestos-induced DNA damage in mediating apoptosis. Indeed, asbestos induces DNA strand breaks as early as 2 hr after exposure (45) and induces unscheduled DNA synthesis within 24 hr (46) . Asbestos also induces production of poly(ADP-ribosyl) polymerase (46) and blocks the enzyme that has been protective in some studies of asbestosinduced injury (47) (48) (49) . Thus, our results implicate poly(ADP-ribosyl) polymerase as a link between the DNA damage that results from asbestos to asbestos-induced apoptosis.
In conclusion, we have shown that a significant percentage of pleural mesothelial cells undergo apoptosis after exposure to asbestos, a clinically relevant stimulus. Our studies identify reactive oxygen species and the poly(ADP-ribosyl) polymerase enzyme as important mediators of this response. We speculate that apoptosis represents a mechanism by which mesothelial cells possessing DNA damaged by asbestos are deleted. If so, escape from the normal apoptotic pathway may be one important step in the multistep process leading to the development of asbestos-induced neoplasia.
